This study investigated the fluctuations of autonomic nervous activities during the menstrual cycle. Twenty college females were tested for cardiovascular reactivity to mental challenge during both follicular and luteal phases across two menstrual cycles. Power spectral analysis of heart rate variability (HRV) was used to examine the autonomic nervous activities. At baseline, although heart rate and blood pressure did not differ across the menstrual cycle, the low-frequency (LF) component in the HRV was higher and the high-frequency (HF) component in the HRV was lower during the luteal phase than during the follicular phase. The LF/HF ratio was also significantly greater in the luteal phase. These data suggest that sympathetic nervous activities are predominant in the luteal phase as compared with follicular phase. In addition, the power spectral analysis of HRV has more sensitivity than heart rate or blood pressure in assessing the slight fluctuations of autonomic nervous activities during the menstrual cycle.
INTRODUCTION
Many studies have focused on the physiological reactivity to mental challenge in relationship to the risk of cardiovascular disease (1) . Some investigators have suggested that physiological functions fluctuate with the menstrual cycle (2, 3) , and others have observed no menstrual phase effects (4, 5) .
One possible reason for these discrepant results is that the definitions of menstrual cycle and the measures to identify the menstrual phases vary by research (6) . Some studies simply divided the menstrual cycle into several phases (7, 8) . A few studies strictly monitored hormone levels and basal body temperature to identify the menstrual phases (9, 10) . Experimental design, whether employing withinsubjects design (5, 9) or between-subjects design (3, 11) , may also have led to inconsistent results.
Another possible reason may be related to the sensitivity of physiological parameters. Traditionally, investigations of physiological reactivity have used heart rate, blood pressure, and skin conductance responses (9, 12, 13) . As an alternative, power spectral analysis of heart rate variability (HRV) has been used as a sensitive index of autonomic nervous activities (14) (15) (16) (17) . In humans, power spectral analysis of R-R interval variability has revealed that there are two major spectral components: the high frequency (HF) component at the respiratory frequency and the low frequency (LF) component at .03 to . 15 Hz. The HF component corresponds to the respiratory sinus arrhythmia and is modulated solely by the parasympathetic nervous system (16, 18, 19) , whereas the LF component corresponds to blood pressure oscillations occurring around .1 Hz, (i.e., the Mayer waves) and is jointly modulated by the sympathetic and parasympathetic nervous systems (20, 21) . In addition, the LF/HF ratio is also a useful parameter that reflects the balance of autonomic nervous activities (16, 22, 23) .
The primary purpose of the study was to determine whether the menstrual cycle affected the fluctuations of autonomic nervous activities in the basal period through the use of power spectral analysis of HRV under strict identification of menstrual cycle.
A second purpose of this study was to examine changes in cardiovascular reactivity to mental challenge during the menstrual cycle. We hypothesized that the sympathetic nervous activities might be predominant in the luteal phase and might exert influences on HRV parameters.
METHODS

Subjects
Twenty female college students (age 19.2 ± .6 years) participated in the study. Informed consent was obtained from each subject. The subjects reported regular menstrual cycles between
Identification of the Menstrual Cycle
The subjects measured their basal body temperature (BBT) each morning and recorded the day of menses to verify a recent history of menstrual cycle regularity at least 3 months before entering the study and throughout the 5-month experimental period. On the basis of these data, the experimental days were determined; the luteal phase was scheduled as days 3 to 7 before the first day of bleeding, and the follicular phase was scheduled as days 7 to 10 after the first day of bleeding. We also measured blood levels of progesterone to confirm whether menstrual phases were pinpointed accurately.
Task
A complex tracing task was designed by the authors, because this kind of task elicits irritability and robust cardiovascular change (24, 25) . A complex pathway was presented on a visual display unit. The subjects traced the pathway as accurately and as fast as they could using a mouse. The mouse horizontal and/or vertical axis control elements were reversed.
Physiological Measures
Electrocardiogram [ECG), respiration, and electroencephalogram (EEG) were monitored with a polygraph system (NEC-360 San-ei, Tokyo, Japan) and recorded on an FM tape recorder (TEAC XR7000, Tokyo, Japan) continuously. Heart rate (HR) was derived by calculating the number of R waves (CM 5 lead) of ECG. Respiration was monitored by a strain-gauge placed around the subject's abdomen halfway between the rib cage and navel. Systolic blood pressure (SBP) and diastolic blood pressure (DBF) were measured before the pretask resting and after the posttask resting periods by an automatic blood pressure monitoring system (Nihon Colin ABPM-630, Aichi, Japan) from a cuff placed on the left upper arm. Referential records of EEG were kept from C 3 to linked ear A 2 and were used to monitor the subject's arousal level.
Questionnaire
A Menstrual Distress Questionnaire (MDQ) (26) was translated into Japanese by the authors and used to assess subjective feelings associated with symptoms and mood during the menstrual cycle. A Japanese version of Spielberger's State Anxiety Inventory (STAI) (27) was also employed. We used the State Anxiety Scale to measure the fluctuations of anxiety with the menstrual cycle.
As a subjective measurement of mental workload on the task, National Aeronautics and Space Administration Task Load Index (NASA-TLX) ratings (28) were used. The ratings consist of six component scales: mental demand, physical demand, temporal demand, performance, effort, and frustration level. The subjects rated their subjective workload on six 10-cm visual-analog scales. Average weighted workload score (WWL) was computed from six-component scores of NASA-TLX ratings.
Procedure
A within-subject design was used to eliminate the individual differences. Each subject individually visited the laboratory before entering the experiment, and detailed instructions were given on the experimental protocol.
The subjects attended for 3 consecutive days during the follicular and luteal phases across two cycles, for a total of 12 sessions. The day of investigation was chosen with respect to the length of each subjects' menstrual cycle. Half of the subjects entered the experiment in the follicular phase, and the other half were tested first in the luteal phase. Each session was identical and was scheduled for the same time of day.
All subjects were requested to refrain from eating and drinking for at least 3 hours before the experiment and to avoid heavy exercise and intake of alcohol-containing beverages after the night before the experiment.
The subjects sat in a comfortable chair located in a small chamber (temperature 22°C, relative humidity 50%). After electrodes were attached, the subjects filled out the MDQ and STAI. Subjects were instructed to close their eyes, relax, and breathe at their own rate in a supine position for 20 minutes, then to rest seated quietly for 10 minutes. After completion of these periods, blood pressure was measured. Then, a pretask respiratory period followed. Subjects controlled their respiratory frequency during data readings because the HRV component is affected by the breathing pattern (29, 30) . The subjects paced their breathing with an auditory tone that signaled inspiration and expiration for 5 minutes. The pace of respiration was determined individually by counting the last 5 minute-resting period in the supine position. The task period consisted of three complex tracing trials alternating with 30 second NASA-TLX ratings installed into the task program. Each task was approximately identical in difficulty. After the task period, the subjects continued to pace their breathing for 5 minutes. Finally, blood pressure was measured again.
Blood sampling was performed on the second day of each experimental phase. The blood was centrifuged immediately, and the serum was withdrawn and stored until assay. Serum levels of progesterone were determined by radioimmunoassay (RIA) using commercial kits from BML (Tokyo, Japan).
Data Analysis
Off-line analysis was performed by a personal computer. The ECG data were digitized at a sampling frequency of 1 kHz by a analog/digital converter (Canopus ADX-98E, Kobe, Japan). Each 10 minute-task period was divided into the first 5-minute and last 5-minute readings for subsequent analysis. Eight blocks of ECG data were analyzed; pretask respiratory period (PRE), first task period (Tl-1, Tl-2), second task period (T2-1, T2-2), third task period (T3-1, T3-2), and posttask respiratory period (POST). ECG data were interpolated by the cubic-spline method and were resampled at 2 Hz for spectral analysis. To remove trends, these equidistant R-R interval data were high-pass filtered with a .05 Hz cut-off frequency by digital filter. Next, the autoregressive (AR) power spectrum from trendgram was calculated by the fixed lOth-order AR model. The order was determined empirically. The power spectral density was divided into a sum of spectral components by means of a spectral decomposition method and center frequency, and the power of every spectral component was obtained. Only components greater than 5% of the total power were considered to be significant. A spectral component with a center frequency between .05 and .15 Hz was considered as the LF component. A spectral component with the same cycle as the HEART RATE VARIABILITY DURING THE MENSTRUAL CYCLE respiratory component and a center frequency of around . 25 Hz was considered as the HF component. Each spectral component was normalized (%LF, %HF) by dividing it by total power less the first order component, if present (21) . The LF/HF ratio was also calculated to assess the sympathovagal balance.
Task performance was calculated by dividing the total traced length on the pathway by the number of deviations from the pathway. A 2 X 8 MANOVA (2 phases X eight measurement blocks) and post hoc t tests were performed on the HR, %LF, %HF, and LF/HF. Base-line levels across the menstrual cycle were assessed by using Student's paired t test. Data are expressed as means ± SE.
< .01). The mean HF components were lower during the luteal phase (F(l,19) = 26.28, p < .001).
Regarding the LF/HF ratios analysis, a highly significant main effect for phase was obtained. As shown in Figure 1 , LF/HF ratios increased during the luteal phase (F(l,19) = 12.76, p < .01). Except for the T3-1 period, LF/HF ratios did not increase significantly, relative to the base-line levels (p < .01).
As for SBP and DBP, no significant differences were obtained between the follicular and luteal phases. The task elicited slight increases after the posttask respiratory period on both SBP and DBP compared to the pretask respiratory period (p < .01). Phase X Block interactions were not significant for any cardiovascular parameters.
RESULTS
Hormone Assays
Mean serum levels of progesterone were .35 ± .03 ng/ml (range .20 to .65) for the follicular phase and 7.23 ± .85 ng/ml (range 3.40 to 16.40) for the luteal phase, respectively. Therefore, subjects were tested in the target phases correctly.
Task Performance and NASA-TLX Table 1 illustrates mean values for task performance and NASA-TLX WWL scores across the two menstrual phases. For task performance, significant decreases were observed over task periods (F(2,38) = 19.38, p < .001). NASA-TLX WWL scores increased gradually as a function of task periods (F(2,38) = 3.61, p < .05).
Physiological Measures
First, values of pretask respiratory period (defined as base-line levels) were compared for the physiological measures between the follicular and luteal phases. There were no significant differences for HR and BP across the menstrual cycle. As for the power spectral analysis of HRV, there were significant phase differences (p < .05). Mean base-line levels during the follicular and luteal phases were 45.13 ± 2.68% and 52.82 ± 2.91% for the LF components, 51.61 ± 2.68% and 43.95 ± 2.91% for the HF components, and 1.07 ± .13 and 1.68 ± .23 for the LF/HF ratios, respectively.
Results from the MANOVA on HR revealed no significant phase effect, although values were marginally higher during the luteal phase (f(l,19) = 3.15, p < .10).
The LF components were significantly higher during the luteal phase (F(l,19) = 28.19, p < .001). In comparison to base-line levels, LF components only increased during the T3-1 period (p Questionnaire Mean self-ratings for MDQ were 1.45 ± .07 for the follicular phase and 1.50 ± .09 for the luteal phase. No significant phase differences were obtained for ratings of MDQ. The results of STAI also showed no phase-related differences (39.90 ± 1.37 for the follicular and 40.82 ± 1.22 for the luteal phase, respectively).
DISCUSSION
The results of this study indicate that autonomic nervous activities fluctuate during the menstrual cycle. We observed significant physiological differences between the follicular and luteal phases by using the power spectral analysis of HRV. Fig. 1 . LF to HF changes (mean ± SE) during experimental session; **p < .01. On the basis of preliminary studies, the HF component in the HRV has been considered as a useful index of vagal activities because it decreases with tilting or atropine administration and increases with propranolol administration or respiratory control (15, 16, 18, 19) . On the other hand, an acute intravenous administration of propranolol blunts the increase of the LF component in the HRV induced by tilting (15) . Therefore, the LF component has been felt to be mainly a measure of sympathetic activities. Accordingly, Lombardi et al. (22) reported that, in patients 2 weeks after acute myocardial infarction, the LF/HF ratio was significantly greater than in healthy subjects. Therefore, it could be a convenient index of sympathovagal interaction (16, 23) .
This study provides findings that the luteal phase of the menstrual cycle was associated with a greater increase in the LF component and a greater decrease in the HF component, resulting in a higher LF/HF ratio. This suggests sympathetic nervous activities are predominant in the luteal phase during the menstrual cycle. Little et al. (31) showed higher heart and respiration rates during the luteal phase compared with other phases. Kirsch et al. (13), Asso et al. (32) , and Vila et al. (33) reported that women are more autonomically aroused during the luteal phase than the follicular and/or ovulatory phases through the use of galvanic skin response. Our results are in keeping with these conclusions. Although speculative, high concentration levels of progesterone, estrogen, and/or other hormones might influence autonomic nervous activities during the luteal phase. Therefore, consideration should be given to examinations evaluating physiological reactivity to mental challenge in women. Currently, the most reliable method to verify the menstrual phase is measuring the levels of reproductive hormones in blood (4, 10) . In our study, we measured progesterone levels as a reliable marker of menstrual phase and observed a significant rise in this hormone during the luteal phase.
For heart rate and blood pressure, no significant differences were observed between the luteal and follicular phases. These may partly depend on the sensitivity of each parameter. Kamada et al. (34) found the differences in autonomic balance by LF/HF ratio in HRV, which could not be observed in heart rate and blood pressure. Similar trends are shown in this study. This suggests that power spectral analysis of HRV has more sensitivity than heart rate and/or blood pressure to assess the autonomic nervous activities.
HRV has been also used as a useful index of mental workload (35) . However, in the present study, significant changes were not observed in HRV parameters during task periods. One possible explanation is that the task did not act as a stressor to induce robust reactivity. Subjects might have habituated the task over the course of the total of 12 sessions. In addition, it has been reported that the effects of tasks on physiological reactivity vary by task characteristics (36) . Therefore, various laboratory stressors should be administered to examine the difference in reactivity in future research.
Subjects' performance of the task did not differ because of the menstrual cycle. Contradictory results may be related to the fact that the various tasks may measure aspects of information-processing functions that are differentially responsive or insensitive to slight hormonal fluctuations (37) . Again, it would seem important for future investigations to specify what kind of tasks are influenced by the menstrual cycle.
Symptoms and moods during the menstrual cycle did not fluctuate in the present study. This could be partly the cause of large individual differences in rating scores. As Olasov and her colleague suggested (38) , daily mood associated with the menstrual cycle may depend on individual awareness of the menstrual phases, at least for non-premenstrual syndrome (PMS) women.
In summary, this study clarifies that for normallycycling women, sympathetic nervous activities are more predominant in the luteal phase at rest and during the task periods. Future investigations focusing on physiological reactivity to mental challenge should consider the differences in physiological base-line values during the menstrual cycle for women. In addition, some researchers have suggested that stress-response patterns differ between PMS-women and non-PMS women (12, 13) . Further studies examining the autonomic nervous system in PMS-women using power spectral analysis of HRV are desirable for the clinical application.
